The transport of chlortetracycline by Streptococcus faecalis is energy dependent. Addition of glucose to energy-depleted cells enhances both the transport rates and accumulation levels. Transport rates can be altered independently of glucose by treating cells with ionophores that increase or decrease the proton gradient. The transport of the antibiotic is linked only to the transmembrane pH difference, ApH, and not the transmembrane electrical potential, Ai+. This conclusion was verified by quantitative measurements of ApH, A*4, and tetracycline accumulation levels. A linear correlation between ApH and the tetracycline electrochemical potential was observed. Tetracycline most likely accumulates by the symport of protons in which the protons are bound to an anionic form of the antibiotic to form an uncharged molecule.
The uptake of tetracycline by bacteria appears to be an energy-dependent process. With Escherichia coli (13) and Rhodopseudomonas sphaeroides (18) , the proton motive force has been strongly implicated as the driving force for transport. Carbonylcyanide m-chlorophenylhydrazone (CCCP) inhibits accumulation by both species (12, 19) . In addition, illumination of R. sphaeroides results in high levels of accumulation; removal of light leads to efflux.
We have previously characterized tetracycline transport by Streptococcus faecalis and demonstrated that accumulation is energy dependent (10) . The effects of several ionophores on both components of the proton motive force, zApH and A+, have previously been reported for this organism (7; z is 58.8 mV at 25°C). We now describe the qualitative effects of valinomycin, nigericin, monensin, and their respective alkali metal ions on tetracycline transport. In addition, quantitative measurements of the pH difference (ApH, pH outside -pH inside) and the transmembrane electrical potential (A+, internally negative) were made to determine their respective contributions to driving tetracycline accumulation. Our results show that tetracycline antibiotics are accumulated in response to ApH but not A+.
MATERIALS AND METHODS
Reagents. Hydrochloride salts of tetracycline and chlortetracycline, N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES), (N,N'-dicyclohexylcarbodiimide (DCCD), CCCP, HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), and valinomycin were purchased from Sigma Chemical Co., St. Louis, Mo. Sodium salts of nigericin and monensin were kindly supplied by R Bacterial growth and preparation of cells for transport. S. faecalis ATTC 9790 (recently classified as S. faecium) was grown for 16 h at 37°C on the following media (7): medium NaTY was 1% Na2HPO4-1% Bacto-tryptone-1% glucose-0.5% yeast extract; medium KTY had K2HPO4 in place of Na2HPO4. The near-stationary-phase cells were harvested by centrifugation and washed twice with 10 mM TES (pH 7.5). The washed cells were suspended in TES buffer to a density of 0.205 mg/ml (dry weight), which is equivalent to an optical density of 1.00 at 500 mm. Proton-loaded cells were prepared by the method of Harold and Papineau (6) . KTY-grown cells were harvested and washed twice with 2 mM MgCl2. A suspension of 2 mg of cells per ml in distilled water was given 1 ,ug of nigericin per ml (in ethanol). HCl was added to maintain the H+-loading suspension at pH 6.0. After 20 min the cells were washed twice with TES buffer and resuspended as described above.
Transport was followed by the fluorescence techniques previously described (10) . All experiments were carried out at 25°C unless otherwise noted. At time 0, 1 ml of cells in TES buffer was added to 1 ml of antibiotic solution in TES buffer. The increase in fluorescence after accumulation of the antibiotic was monitored with a Perkin-Elmer MPF-3L fluorometer equipped with a thermostated cell compartment. Excitation monochromators were set at 430 and 426 nm for chlortetracycline and tetracycline, respectively. The emission was monitored at 520 nm with both excitation and emission slits at 20-nm band pass.
Measuremenat mixture was diluted into 2 ml of tetracycline-free buffer. The internal tetracycline concentration was determined from fluorescence levels immediately at dilution. Under conditions of our experiments where total cell volume was extremely small relative to volume of the external media, the external concentration of tetracycline was assumed to be constant. Fluorescence measurements verified this. When the steady state level was reached, two 6-ml samples were removed for the determination of Ag, and ApH. Tritiated acetate was added to one sample and tritiated TPMP+ was added to the other to give final concentration, of 1 and 8 p,M, respectively. After 10 min at 25°C, 1 ml of cell suspension was placed over 100 ,ul of silicone oil in a microcentrifuge tube. After centrifugation through the oil, the cells were collected, dispersed, and dissolved in Aquassure for counting. To determine the total amount of radiotracer, a portion of the cell suspension was added directly to Aquassure for counting. Nonspecific binding levels of the radiotracers to the cells were assumed to be those counts remaining with the cells after treatment with 7% butanol for 1' h at 32°C. ApH, Ag,, and external-to-internal tetracycline ratios were calculated by using a cell volume of 1.75 ml/g (dry weight) of cells (2) . All values were determined in triplicate.
RESULTS
When S. faecalis is incubated in solutions of tetracycline or chlortetracycline, the accumulation of the antibiotic can be followed by observing the fluorescence of the dispersion. The chemiosmotic coupling hypothesis proposes that energy may be coupled to transport processes through the proton motive force generated by either the pH difference, ApH, or the transmembrane electrical potential, Ag, (14 (Fig. 3 ) examined the role of the pH difference on proton-loaded cells treated with nigericin or monensin. Proton-loaded cells were generated initially by incubating KTY-grown cells with nigericin.
Internal K+ exchanged with protons of the external media. These cells would be expected to have a ApH with could be markedly increased by additions of nigericin and K+, where external K+ could exchange with internal protons, or by additions of monensin and Na+, where external Na+ could exchange with internal protons. Treatment of the cells with nigericin and potassium significantly increased the transport of chlortetracycline (curve A). Altnost identical results were observed when cells were treated with monensin and sodium (curve B). These antibiotics mediate an electroneutral exchange of potassium or sodiuni for protons, which leads to an increase in A'pH. The enhancement of transport was not dependent on the membrane ATPase since addition of DCCD to the preincubation mixture had no effect on the activated transport. The addition of sodium alone (curve E) led to a decrease in accumulation of tetracycline. This could result from competition for residual energy supplies available in the proton-loaded cells. Harold and Papineau (5) have observed that sodium exchange by S. faecalis requires energy. The addition of potassium alone caused an increase in accumulation of chlortetracycline. Proton loading of these cells required initial treatment with nigericin (6), and nigericin most likely was still present in the cell membrane. Activation by nigericin and potassium of proton-loaded cells was found to be inhibited by the proton conductors TCS and CCCP. Activation of transport by nigericin and potassium also demonstrated a proportional increase with an increase in the proton gradient. This is shown in Fig. 4 .where potassium in increasing amounts was added to H+-loaded cells treated with nigericin. These results are consistent with nigericin and potassium or monensin and sodium causing an efflux of protons from proton-loaded cells and establishing a proton gradient.
Although qualitative conclusions could be deduced from the experiments shown in Fig. 1 and 2 (2) demonstrated that external potassium has a large effect on the value of ApH and AW when NaTY-grown cells metabolize glucose. When glucose was metabolized without external potassium (Table 1) , both zApH and A increased. The A4 increased from ca. i6 mV to ca. 110 mV.
An increase of only ca. 10 mV was observed in zApH with no significant change in APlTC. With glucose in the presence of 5 mM potassium (Table 1) , a decrease of ca. 70 mV was observed in A+, but zApH and AfrTC both increase ca. 20 mV. Incubation with potassium alone had no significant effect in the absence of glucose. The results shown in Table 1 suggest that tetracycline electrochemical potential, AP,TC, correlates qualitatively with the magnitude of ApH and suggest a lack of correlation with A+. Fig. 5 show a nonzero intercept for AfrTC. This indicates that there is some accumulation independent of the proton gradient. This has previously been shown for E. coli (13) . The nonzero intercept corresponds to a concentration ratio (tetracycline inside/tetracycline outside) of ca. 2.7. This presumably is due to binding of tetracycline to cellular components. This level has also been observed for E. coli (12, 13) . DISCUSSION Most studies on bacterial transport and proton motive force have involved examining the transport of metabolites. Some of these studied systems have resulted in postulated models which describe carrier charge and proton-to-substrate ratios (16) . Tetracycline antibiotic structures are more complex than most metabolites studied. It was of interest to study the energetics of accumulation of tetracycline in S. faecalis because we have recently characterized the transport system for tetracycline in this species. We have now confirmed our earlier hypothesis (10) that tetracycline uptake is dependent on a component of the proton motive force. Qualitative studies with valinomycin ( Fig. 2) demonstrated that transport was not simply dependent on A/J, although experiments with nigericin and monensin (Fig. 3 ) demonstrated a direct dependence on ApH. Quantitative measurements of Aip, ApH, and ALTC (Tables 1 and 2 , Fig. 5) demonstrated that accumulation of tetracycline is solely dependent on ApH. b Cells were grown in media prepared from sodium salts, centrifuged, washed quickly in 2 mM MgCl2, and dispersed in HEPES buffer, pH 7.5, adjusted with NaOH.
That tetracycline transport is dependent on ApH is consistent with the hypothesis that tetracycline is transported as an anion (15) (16) (17) . In accordance with models proposed by Rottenberg (18) , tetracycline uptake should be dependent on ApH if it is transported as an anion but should be dependent on A4 if it is transported as a cation. Our results, interpreted in terms of Rottenberg's theory (18) , suggest that the anion is protonated to neutrality and this neutral species binds to a neutral carrier. In other words, Rottenberg's hypothesis states that the ternary complex of carrier, protons, and substrate must be neutral (18) .
The slope of the line in Fig. 5 , 0.77 + 0.14, is generally accepted as representing the proton/substrate stoichiometry (16) . By utilizing the pK values for the tetracycline substrate, one can calculate the concentration of internal and external tetracycline species and predict a proton/substrate ratio. This method has been utilized by Ramos and Kaback (16) in studies on glucose-6-phosphate transport. Tetracycline has pK values of 3.3, 7.7, and 9.7 (1). At pH 7.5, the first site would be completely ionized and contribute one negative charge. The second site is an amine, which would be partially protonated and contribute a partial positive charge. The third site at pH 7.5 is neutral. By using the equilibrium equations and the dissociation constants, an external pH of 7.50, and an internal pH of 8.36, one can calculate a ratio of total concentration of tetracycline species, internal-to-external, of 3.6. The neutral species is assumed to be equal on both sides of the membrane; this is an assumption generally used for acids which permeate membranes in their neutral form (16, 17) . With the ApH above, the internal pH is 50 mV more alkaline, and for a 
